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1
PLASMA PROCESSING APPARATUS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s based on and claims priority from

Japanese Patent Application No. 2014-225390, filed on Nov.
S5, 2014, with the Japan Patent Oflice, the disclosure of which
1s mcorporated herein in its entirety by reference.

TECHNICAL FIELD

Various aspects and exemplary embodiments of the pres-
ent disclosure are related to a plasma processing apparatus.

BACKGROUND

There 1s a plasma processing apparatus that uses excita-
tion of a process gas by microwaves. The plasma processing
apparatus radiates the microwaves for plasma excitation
using an antenna to dissociate gas introduced into a pro-
cessing space inside ol a processing container, thereby
generating plasma. Further, the plasma processing apparatus
introduces the gas into the processing space from an injec-
tion hole formed on a sidewall of the processing container.
See, for example, Japanese Patent No. 5440604,

SUMMARY

A plasma processing apparatus according to one aspect of
the present disclosure includes a processing container that
defines a processing space; a gas supply unit provided on a
sidewall of the processing container, the gas supply unit
being configured to supply a gas to the processing space; a
dielectric member having a facing surface that faces the
processing space, and an antenna provided on a surface
opposite to the facing surface of the dielectric member, the
antenna being configured to radiate microwaves that turn the
gas 1nto plasma to the processing space through the dielec-
tric member. The gas supply unit includes: a transport hole
configured to transport the gas to a position where the gas
does not reach the processing space in the inside of the
sidewall of the processing container, and an 1njection hole
communicated to the transport hole and configured to 1nject
the gas transported to the position 1into the processing space,
the 1njection hole having a diameter larger than that of the
transport hole.

The foregoing summary 1s 1illustrative only and 1s not
intended to be 1 any way limiting. In addition to the
illustrative aspects, exemplary embodiments, and features
described above, further aspects, exemplary embodiments,
and features will become apparent by reference to the
drawings and the following detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic cross-sectional view illustrating a
main part ol a plasma processing apparatus according to a
first exemplary embodiment.

FIG. 2 1s a schematic cross-sectional view illustrating the
vicinity of a coaxial waveguide provided in the plasma
processing apparatus 1illustrated i FIG. 1 1 an enlarged
scale.

FIG. 3 1s a view 1llustrating a slot antenna plate provided
in the plasma processing apparatus illustrated in FIG. 1
when viewed from a direction indicated by arrow 111 of FIG.
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FIG. 4 1s a cross-sectional view of the coaxial waveguide
provided 1n the plasma processing apparatus illustrated in

FIG. 1 when cutting along line IV-1V of FIG. 2.

FIG. 5 1s an enlarged cross-sectional view of a gas supply
unmit and a side wall of a processing container in the first
exemplary embodiment.

FIG. 6 1s a graph representing a relationship between a
pressure of gas and an electric field intensity that generates
clectric discharge.

FIG. 7 1s a graph representing an example of simulation
results of a relationship between a pressure of gas in the
injection hole and a position inside a sidewall of a process-
ing container in the first exemplary embodiment.

FIG. 8 1s a graph representing an example of simulation
results of a relationship between a pressure of gas in the
injection hole and a position inside the sidewall of the
processing container in the first exemplary embodiment.

FIG. 9 1s a graph representing an example of simulation
results of a relationship between a diameter of the injection
hole and a leakage rate of microwaves 1n the first exemplary
embodiment.

FIG. 10 1s an enlarged cross-sectional view of a gas
supply umt, a sidewall of a processing container, and a
cylindrical dielectric 1n a second exemplary embodiment.

FIG. 11 1s a front view of the gas supply unit, the sidewall
of the processing container, and the cylindrical dielectric
illustrated 1n FIG. 10 when viewed from one end side of the
cylindrical dielectric.

FIG. 12 1s a graph representing an example of stmulation
results of an electric field intensity of an injection hole
depending on whether the cylindrical dielectric 1s present or
not 1n the second exemplary embodiment.

FIG. 13 1s an enlarged cross-sectional view of a gas
supply unit, a sidewall of a processing container, and a
plate-shaped dielectric 1n a third exemplary embodiment.

FIG. 14 1s an enlarged cross-sectional view of a gas
supply umt, a sidewall of a processing container, and a
plate-shaped conductor 1n a fourth exemplary embodiment.

FIG. 15 1llustrates graphs representing examples of simu-
lation results of the electric field intensity of the 1njection
hole depending on whether the plate-shaped dielectric 1n the
third exemplary embodiment or the plate-shaped conductor
in the fourth exemplary embodiment 1s present or not.

DETAILED DESCRIPTION

In the following detailed description, reference 1s made to
the accompanying drawings, which form a part hereof. The
illustrative embodiments described 1n the detailed descrip-
tion, drawing, and claims are not meant to be limiting. Other
exemplary embodiments may be utilized, and other changes
may be made without departing from the spirit or scope of
the subject matter presented here.

In the related art described above, there 1s a problem 1n
that 1n a case where a pressure 1increases 1n the injection hole,
clectric discharge may be generated 1n the mjection hole or
in the vicinity of the hole due to the pressure increase.

A plasma processing apparatus according to one aspect of
the present disclosure includes a processing container that
defines a processing space; a gas supply unit provided on a
sidewall of the processing container, the gas supply unit
being configured to supply a gas to the processing space; a
dielectric member having a facing surface that faces the
processing space, and an antenna provided on a surface
opposite to the facing surface of the dielectric member, the
antenna being configured to radiate microwaves that turn the
gas 1nto plasma to the processing space through the dielec-
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tric member. The gas supply unit includes: a transport hole
configured to transport the gas to a position where the gas
does not reach the processing space in the mnside of the
sidewall of the processing container, and an injection hole
communicated to the transport hole and configured to 1nject
the gas transported to the position 1into the processing space,
the 1njection hole having a diameter larger than that of the
transport hole.

In the plasma processing apparatus, the diameter of the
injection hole 1s smaller than a predetermined upper limait
value, and the predetermined upper limit value 1s determined
using the following Equation (1):

a<Pum/(2nflue)'?) (1)

in which “a” 1s a radius of the mjection hole (the predeter-
mined upper limit value/2), “Prim™ 1s a Bessel function, “1”
1s a frequency of microwaves, “u” 1s a permeability, and “e”
1s a dielectric constant.

In the plasma processing apparatus, the diameter of the
injection hole 1s increased as going away from the transport
hole.

The plasma processing apparatus further includes a cylin-
drical dielectric embedded 1n the sidewall of the processing
container to surround a periphery of the injection hole 1n a
state where one end thereol 1s exposed to the processing
space. The cylindrical dielectric 1s configured to guide the
microwaves radiated into the processing space by the
antenna irom one end to the other end.

The plasma processing apparatus further includes a plate-
shaped dielectric embedded 1n an area interposed between
the 1njection hole and the dielectric member of the sidewall
of the processing container in a state where one end thereof
1s exposed to the processing space. The plate-shaped dielec-
tric being configured to guide the microwaves radiated 1nto
the processing space by the antenna from one end to the
other end.

In the plasma processing apparatus, assuming that a
wavelength of the microwaves propagated 1n the inside of
the cylindrical dielectric or the plate-shaped dielectric 1s A,
a length from one end to the other end in the cylindrical
dielectric or the plate-shaped dielectric 1s A/5 or more and
3A/5 or less.

The plasma processing apparatus further includes a plate-
shaped conductor provided to protrude from the area inter-
posed between the 1njection hole and the dielectric member
of the sidewall of the processing container toward the
processing space, the plate-shaped conductor being config-
ured to shield the microwaves radiated into the processing
space by the antenna.

According to various aspects and exemplary embodi-
ments of the present disclosure, a plasma processing appa-
ratus capable of introducing gas without generating electric
discharge 1s realized.

Hereinafter, various exemplary embodiments will be
described with reference to the accompanying drawings 1n
detail. In the meantime, the same or corresponding portions
in the respective drawings will be assigned the same refer-
ence numerals.

First Exemplary Embodiment

FIG. 1 1s a schematic cross-sectional view illustrating a
main part of a plasma processing apparatus according to a
first exemplary embodiment. FIG. 2 1s a schematic cross-
sectional view 1llustrating the vicinity of a coaxial wave-
guide provided in the plasma processing apparatus 1llus-
trated 1 FIG. 1 in an enlarged scale. FIG. 3 1s a view
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4

illustrating a slot antenna plate provided in the plasma
processing apparatus 1llustrated in FIG. 1 when viewed from
a direction indicated by arrow III of FIG. 1. FIG. 4 15 a
cross-sectional view of the coaxial waveguide provided 1n
the plasma processing apparatus illustrated in FIG. 1 when
cutting along line IV-IV of FIG. 2. In the meantime, the
vertical direction of the paper sheet 1s defined as a vertical
direction of the plasma processing apparatus in FIGS. 1 and
2. Further, 1n the present specification, a diametric direction
refers to a direction that 1s directed from an inner conductor
included 1n the coaxial waveguide toward an outer conduc-
tor in FIG. 4.

A plasma processing apparatus 11 illustrated in FIGS. 1
and 2 includes a processing container 12, a gas supply unit
13, a holding stand 14, a microwave generator 15, a dielec-
tric member 16, an antenna 20, and a coaxial waveguide 31.

The upper side of the processing container 12 1s opened
and a processing space S for performing a plasma processing
on a substrate to be processed (“processing target substrate™)
W 1s defined 1nside the processing container 12. The pro-
cessing container 12 includes a bottom part 21 positioned at
the lower side of the holding stand 14 and a sidewall 22
extending upwardly from an outer peripheral portion of the
bottom part 21. The sidewall 22 has a cylindrical shape. An
exhaust hole 23 for exhausting gas 1s formed at the central
portion of the bottom part 21 of the processing container 12
in the diametric direction. The upper side of the processing
container 12 i1s opened, and the processing container 12 may
be sealed by the dielectric member 16 disposed on the upper
side of the processing contamner 12 and an O ring 24
interposed as a seal member between the dielectric member
16 and the processing container 12. The dielectric member
16 includes a facing surface 16a that faces the processing
space S. The dielectric member 16 1s made of a dielectric. A
specific material of the dielectric member 16 may be, for
example, quartz or alumina.

The gas supply unit 13 supplies a gas for plasma excita-
tion and a gas for plasma processing into the processing
container 12. A portion of the gas supply unit 13 1s provided
to be embedded 1n the sidewall 22 and supplies the gas from
the outside of the processing container 12 into the process-
ing space S 1nside the processing container 12. In the
meantime, a detailed configuration of the gas supply unit 13
will be described later.

The holding stand 14 1s disposed within the processing
container 12 and holds the processing target substrate W.

The microwave generator 15 1s disposed outside the
processing contamner 12 and generates microwaves for
plasma excitation. Further, 1in the first exemplary embodi-
ment, the plasma processing apparatus 11 includes a wave-
guide 39 of which one end portion 1s connected to the
microwave generator 15, and a mode converter 40 that
converts a mode of the microwaves. The waveguide 39 1s
provided to extend in a horizontal direction, specifically, a
left and right direction on the paper sheet of FIG. 1. In the
meantime, a waveguide having a circular cross-section or a
rectangular cross-section 1s used as the waveguide 39.

The antenna 20 1s provided on the surface 165 opposite to
the facing surface 16a of the dielectric member 16 and
radiates the microwaves for plasma generation into the
processing space S through the dielectric member 16 based
on the microwaves generated by the microwave generator
15. The antenna 20 includes a slot antenna plate 18 and a
slow wave plate 19.

The slot antenna plate 18 1s a thin plate-shaped member
that 1s disposed on the surface 165 opposite to the facing
surface 16a of the dielectric member 16 and radiates micro-
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waves onto the dielectric member 16. Each of the opposite
surfaces of the slot antenna plate 18 1n the plate thickness
direction 1s flat. In the slot antenna plate 18, as 1llustrated 1n
FIG. 3, a plurality of slot holes 17 are formed through the
slot antenna plate 18 1n the plate thickness direction. Each of
the slot holes 17 1s configured such that two rectangular
openings form one pair and are arranged 1n a substantially T
shape. The formed slot holes 17 are generally divided into a
group of mner circumierential side slot holes 26a arranged
at the mner circumierential side and a group of outer
circumierential side slot holes 265 arranged at the outer
circumierential side. The group of inner circumierential side
slot holes 26a refers to eight slot holes 17 formed within a
range surrounded by a dotted line in FIG. 3. The group of
outer circumierential side slot holes 265 refers to sixteen slot
holes 17 formed within a range surrounded by a dashed line
of FIG. 3. In the group of inner circumierential side slot
holes 26a, the eight slot holes 17 are annularly arranged at
regular intervals. In the group of outer circumierential side
slot holes 265, the sixteen slot holes 17 are annularly
arranged at regular intervals. The slot antenna plate 18 has
a rotational symmetry property about a center 28 in the
diametric direction and has the same shape, for example,
even 1n a case of being rotated 45° about the center 28.

The slow wave plate 19 1s disposed on the slot antenna
plate 18 and propagates microwaves in the diametric direc-
tion. An opening 1s formed at the central portion of the slow
wave plate 19 so as to dispose the inner conductor 32
included 1n the coaxial waveguide 31 to be described below
therein. An mner diameter side end portion of the slow wave
plate 19 forming the periphery of the opeming protrudes in
the plate thickness direction. That 1s, the slow wave plate 19
includes a ring-shaped slow wave plate protrusion 277 pro-
truding ifrom the mner diameter side end portlon in the plate
thickness direction. The slow wave plate 19 1s attached such
that the slow wave plate protrusion 27 is positioned on the
upper side thereof. The material of the slow wave plate 19
1s dielectric. A specific material of the slow wave plate 19
may be, for example, quartz or alumina. The wavelength of
the microwaves propagated in the slow wave plate 19
becomes shorter than that of the microwaves propagated in
the atmosphere.

All of the dielectric member 16, the slot antenna plate 18,
and the slow wave plate 19 have a disk shape. The plasma
processing apparatus 11 1s manufactured such that the center
of the dielectric member 16 1n the diametric direction, the
center 28 of the slot antenna plate 18 i1n the diametric
direction, and the center of the slow wave plate 19 1n the
diametric direction are aligned with each other. By doing
this, for the microwaves propagated from the central side
toward the outer diameter side, the propagation degrees of
microwaves 1n the circumiferential direction are made to be
equal to each other so as to ensure the uniformity of plasma
generated below the dielectric member 16, 1n the circum-
ferential direction. Here, the center 28 of the slot antenna
plate 18 1n the diametric direction 1s set as a reference.

The coaxial waveguide 31 1s a waveguide that supplies
microwaves to the antenna 20. The coaxial waveguide 31
includes an mner conductor 32 and an outer conductor 33.
The mner conductor 32 1s formed to be a substantially round
rod shape. One end portion 35 of the mner conductor 32 1s
connected to the center 28 of the slot antenna plate 18. The
outer conductor 33 1s provided on the outer diameter side of
the inner conductor 32 with a gap 34 being interposed
therebetween 1n the diametric direction. The outer conductor
33 1s formed mn a substantlally cylindrical shape. That 1s, the
coaxial waveguide 31 1s configured by combining the inner
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6

conductor 32 and the outer conductor 33 with each other
such that the outer peripheral surface 36 of the inner
conductor 32 faces the mnner peripheral surface 37 of the
outer conductor 33. The coaxial waveguide 39 1s provided to
extend 1n the vertical direction of the paper sheet of FIG. 1.
The inner conductor 32 and the outer conductor 33 are
manufactured as separate bodies, respectively. Also, the
inner conductor 32 and the outer conductor 33 are combined
by aligning the center of the inner conductor 32 in the
diametric direction with the center of the outer conductor 33
in the diametric direction.

The microwaves generated by the microwave generator
15 are propagated into the antenna 20 through the wave-
guide 39 and the coaxial waveguide 31. As the frequency of
microwaves generated by the microwave generator 135, for
example, 2.45 GHz 1s selected.

For example, the TE mode microwaves of generated by
the microwave generator 15 are propagated within the
waveguide 39 to the left side of the paper sheet as indicated
by arrow Al of FIG. 1, and converted into the TEM mode
by the mode converter 40. Also, the microwaves converted
into the TEM mode are propagated within the coaxial
waveguide 31 to the lower side of the paper sheet as
indicated by arrow A2 of FIG. 1. Specifically, the micro-
waves are propagated between the mmner conductor 32 and
the outer conductor 33, where the gap 34 1s formed, and
between the inner conductor 32 and the cooling plate
protrusion 47. The microwaves propagated in the coaxial
waveguide 31 are propagated within the slow wave plate 19
in the diametric direction and are radiated to the dielectric
member 16 from the plurality of slot holes 17 formed 1n the
slot antenna plate 18. The microwaves, which have penetrate
through the dielectric member 16, generate an electric field
just below the dielectric member 16 so as to generate plasma
in the processing container 12.

Further, the plasma processing apparatus 11 includes: a
dielectric plate pressing ring 41 that 1s arranged on the upper
side of the opening side upper end portion of the sidewall 22
and presses the dielectric member 16 from the upper side; an
antenna pressing unit 42 that 1s arranged on the upper side
of the dielectric plate pressing ring 41 and presses, for
example, the slot antenna plate 18 from the upper side; a
cooling plate 43 that 1s arranged on the upper side of the
slow wave plate 19 and cools, for example, the slow wave
plate 19; an electromagnetic shielding elastic body 44 that 1s
arranged to be interposed between the antenna pressing unit
42 and the cooling plate 43 and shields the electromagnetic
field iside and outside the processing container 12; an outer
periphery fixing ring 45 that fixes the outer peripheral
portion of the slot antenna plate 18; and a center fixing plate
46 that fixes the center of the slot antenna plate 18.

As 1llustrated i FIG. 2, an opening used for disposing the
coaxial waveguide 31 therein 1s formed at the central portion
of the cooling plate 43. The inner diameter side end portion
of the cooling plate 43, which forms the periphery of the
opening, protrudes in the plate thickness direction. That 1s,
the cooling plate 43 includes a rnng-shaped cooling plate
protrusion 47 that protrudes from the inner diameter side end
portion 1n the plate thickness direction. The cooling plate 43
1s attached such that the cooling plate protrusion 47 1is
positioned at the upper side.

The cylindrical outer conductor 33 is arranged on the
cooling plate protrusion 47. Accordingly,, the upper end
portion of the cooling plate protrusion 47 1s 1n contact with
the lower end portion of the outer conductor 33. In this case,
the mner peripheral surface 37 of the outer conductor 33 1s
continuous to the mner peripheral surface 50 of the cooling
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plate protrusion 47 and a distance between the outer periph-
eral surface 36 of the mnner conductor 32 and the inner
peripheral surface 37 of the outer conductor 33 becomes
equal to a distance between the outer peripheral surface 36
of the mnner conductor 32 and the 1nner peripheral surface 50
of the cooling plate protrusion 47 1n the diametric direction.
The 1mnner peripheral surtface 37 of the outer conductor 33 i1s
continuous to the inner peripheral surface 30 of the cooling
plate protrusion 47 such that the cooling plate protrusion 47
1s configured as a portion of the coaxial waveguide 31. In the
meantime, the gap 34 formed between the inner conductor
32 and the outer conductor 33 1s positioned above the slow
wave plate protrusion 27.

Further, on the outer peripheral portion of the cooling
plate 43, a slow wave plate positioning portion 48 1s formed
which protrudes to the dielectric member 16 1n a ring shape.
The slow wave plate 19 1s positioned 1 the diametric
direction by the slow wave plate positioning portion 48. The
outer periphery fixing ring 45 fixes the slot antenna plate 18
in a position in the diametric direction where the slow wave
plate positioning portion 48 1s formed.

In the meantime, 1n the central portion 1n the diametric
direction of an upper side surface of the dielectric member
16, an accommodation recess 49, which 1s recessed from the
upper side surface of the dielectric member 16 to reduce the
plate thickness, 1s formed so as to accommodate the center
fixing plate 46.

Further, as illustrated in FIGS. 2 and 4, the plasma
processing apparatus 11 includes a plurality of stub members
51 extendible from the outer conductor 33 side toward the
inner conductor 32 side as a changing member that changes
a distance 1n the diametric direction between a portion of the
outer peripheral surface 36 of the iner conductor 32 and a
facing part that faces the portion of the outer peripheral
surtace of the inner conductor 32 1n the diametric direction.
In the meantime, in the present exemplary embodiment, the
facing part that faces the portion of the outer peripheral
surface of the inner conductor 32 1n the diametric direction
corresponds to the cooling plate protrusion 47.

Each of the stub members 51 includes a rod-shaped part
52 supported at the outer conductor 33 side and provided to
extend 1n the diametric direction, and a screw part 33 as a
movement amount adjusting member to adjust the move-
ment amount of the rod-shaped part 52 1n the diametric
direction. The screw part 533 1s provided on the outer
diameter side end portion of the rod-shaped part 52.

Each of the stub members 51 is iserted into the cooling
plate protrusion 47. Specifically, in the cooling plate pro-
trusion 47, the screw holes 54 extending straightly in the
diametric direction through the cooling plate protrusion 47
are formed and each of the stub members 51 1s mserted into
the cooling plate protrusion 47 by screwing the screw holes
54 with the screw parts 33, respectively. That 1s, the stub
members 51 are supported by the screw parts 53 screwed to
the screw holes 54 formed 1n the cooling plate protrusion 47
at the outer conductor 33 side.

By rotating the screw parts 33, the stub members 51, each
including the rod-shaped part 52, may be entirely moved 1n
the diametric direction. In FIG. 2, the stub members 51 are
movable 1n the left and right directions of the paper sheet.
Further, the movement amount of the stub members 51 1s
adjusted by the rotational amount of the screw parts 53.

A plurality of stub members 51 (s1x stub members 1n FIG.
4) are provided within the cooling plate protrusion 47 at the
periphery of the inner conductor 32 to be arranged at
substantially equal intervals 1n the circumierential direction.
For example, in the case where six stub members are
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provided, six stub members 351 are arranged such that an
angle between adjacent stub members becomes an interval
of 60° 1n the circumierential direction.

Each of the plurality of stub members 51 may indepen-
dently move in the diametric direction. That 1s, diametric
positions of tip end portions 55 of the rod-shaped parts 52
included in the stub members 51 are individually adjusted,
respectively.

Next, descriptions will be made on a detailed configura-
tion of the gas supply unit 13 illustrated 1n FIG. 1. FIG. 5 1s
an enlarged cross-sectional view of a gas supply unit and a
side wall of the processing container in the first exemplary
embodiment.

As 1llustrated 1n FIG. §, the gas supply unit 13 includes a
transport hole 13-1 and an injection hole 13-2 communi-
cated to the transport hole 13-1. The transport hole 13-1
transports the gas to a position (hereinafter, referred to as an
“intermediate position”) where the gas does not reach the
processing space S in the sidewall 22 of the processing
container 12. The transport hole 13-1 1s formed 1n a tapered
shape 1n which the diameter thereol becomes smaller as a
position on the transport hole 13-1 becomes nearer to the tip
end thereof. Because the transport hole 13-1 1s formed 1n the
tapered shape, the pressure of the gas transported to the
intermediate position of the sidewall 22 of the processing
container 12 by the transport hole 13-1 1s increased.

The 1njection hole 13-2 injects the gas transported to the
intermediate position of the sidewall 22 of the processing
container 12 by the transport hole 13-1 1nto the processing
space S. The imjection hole 13-2 has a diameter larger than
that of the transport hole 13-1. In the example of FIG. 5,
assuming that the diameter of a tip end portion with the
smallest diameter in the transport hole 13-1 1s D1 and the
diameter of the injection hole 13-2 1s D2, a relationship of
D1<D2 1s established. Because the diameter of the 1injection
hole 13-2 i1s larger than the diameter of the transport hole
13-1, the pressure of the gas injected from the injection hole
13-2 into the processing space S 1s reduced compared with
the pressure of the gas transported by the transport hole
13-1. Therefore, the pressure within the mjection hole 13-2
or the pressure in the vicinity of the injection hole 13-2 is
prevented from excessively increasing.

FIG. 6 1s a graph illustrating a relationship between a
pressure of gas and an electric field intensity that generates
clectric discharge. A curve indicated at the upper side of
FIG. 6 indicates a relationship between a pressure of Ar
(argon) gas 1 a vacuum and electric field intensity that
generates electric discharge. The curve indicated at the
upper side of FIG. 6 1s also referred to as the Paschen’s
curve. A curve indicated at the lower side of FIG. 6 indicates
a relationship between a pressure of Ar (argon) gas con-
tamned 1n plasma and electric field intensity that generates
clectric discharge. In the meantime, the curve indicated at
the lower side of FIG. 6 1s a curve estimated from the
Paschen’s curve indicated at the upper side of FIG. 6.

As 1s evident from the curve of FIG. 6, when the pressure
of the gas 1s from 1 Torr to 10 Torr, the electric field intensity
to generate electric discharge becomes smallest. That 1s, the
curve ol FIG. 6 indicates that a possibility of generation of
clectric discharge becomes highest when the pressure of gas
1s 1n the range of 1 Torr to 10 Torr. As a result of intensive
studies through, for example, a stmulation or test performed
by the inventors of the present application, it has been found
that electric discharge 1s actually generated when the pres-
sure of the 1njected gas 1s 1n the range of 1 Torr to 2 Torr.

FIGS. 7 and 8 are graphs illustrating examples of simu-
lation results of a relationship between a pressure of gas 1n
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an 1njection hole and a position inside a sidewall of a
processing container 12 in the first exemplary embodiment.
In the graphs 1llustrated 1n FIGS. 7 and 8, the horizontal axis
indicates a distance form a predetermined reference position
to the position inside the sidewall of the processing con-
tainer 12. Further, in FIGS. 7 and 8, the position of the dotted
line indicates the intermediate position of the sidewall 22 of
the processing container 12 and a position located at the
right of the dotted line 1indicates the position corresponding,
to the injection hole 13-2.

Further, 1n the simulation of FIG. 7, the processing gas of
1100 sccm Ar and a 400 mTorr of internal pressure of the
processing container are used as simulation conditions.
Further, in the simulation of FIG. 8, the following stmulation
conditions were used: the processing gas: Ar=1100 sccm and
the internal pressure of the processing container: 750 mTorr.

As 1s evident from simulation results of FIGS. 7 and 8,
when the gas transported to the intermediate position of the
sidewall 22 of the processing container 12 through the
transport hole 13-1 1s made to circulate in the 1njection hole
13-2, the pressure within the mjection hole 13-2 1s reduced
to the pressure within the processing container. That 1s, when
the gas 1s made to circulate in the injection hole 13-2 having,
a diameter larger than that of the transport hole 13-1, the
pressure of the gas injected from the mjection hole 13-2 may
be reduced to a pressure lower than 1 Torr.

As 1s evident from the curve of FIG. 6 and the stmulation
results of FIGS. 7 and 8, when the gas 1s injected from the
injection hole 13-2 having a diameter larger than that of the
transport hole 13-1 into the processing space S such, 1t 1s
possible to reduce the pressure of gas to a range out of the
range of 1 Torr to 2 Torr at which electric discharge 1s easily
generated. In other words, when the gas 1s injected into the
processing space S from the injection hole 13-2 having the
diameter larger than that of the transport hole 13-1, 1t 1s
possible to avoid the generation of electric discharge that 1s
caused by the increase of the pressure.

Descriptions will be returned back to the description of
FIG. 5. The diameter D2 of the injection hole 13-2 may be
smaller than a predetermined upper limit value. Also, the
predetermined upper limit value may be determined by
using the following Equation (1).

a<Prnm/(2nf{ue)l?2) (1)

where, “a” 1s a radius of the injection hole (the predeter-
mined upper limit value/2), “Pnm™ 1s a Bessel function, “1”
1s a frequency of microwaves, “u” 1s a permeability, and “e”
1s a dielectric constant.

As described above, the diameter D2 of the injection hole
13-2 1s made smaller than the predetermined upper limait
value determined by Equation (1) such that i1t becomes
possible to suppress leakage of the microwaves from the
processing space S 1nto the injection hole 13-2.

FIG. 9 1s a graph illustrating an example of simulation
results of a relationship between a diameter of the injection
hole and a leakage rate of microwaves in the first exemplary
embodiment. In FIG. 9, a “hole radius” indicates a radius of
the 1njection hole 13-2 corresponding to the diameter D2 of
the injection hole 13-2. Further, a “MW leak rate [%]”
indicates a leakage rate that 1s a ratio of an intensity of the
microwaves leaked into the mnjection hole 13-2 to an inten-
sity of the microwaves input to the processing space S.

As 1s evident from the simulation results of FIG. 9, when
the diameter D2 of the injection hole 13-2 1s made smaller
than the predetermined upper limit value, the leakage rate of
microwaves 1s 1mproved to be less than 1%. Here, the
predetermined upper limit value refers to a predetermined
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upper limit value determined by Equation (1). That 1s, 1t has
been found out that when the diameter D2 of the injection

hole 13-2 1s made smaller than the predetermined upper
limit value determined by Equation (1), 1t becomes possible
to suppress the increase of the leakage of the microwaves
from the processing space S into the injection hole 13-2.

In the foregoing, according to the plasma processing
apparatus 11 of the first exemplary embodiment, a gas is
transported to the intermediate position of the sidewall 22 of
the processing container 12 by the transport hole 13-1 and
injected 1nto the processing space S by the injection hole
13-2 having the diameter larger than that of the transport
hole 13-1. As a result, according to the first exemplary
embodiment, since the pressure of the gas may be reduced
to a range other than the range of pressure at which electric
discharge 1s easily generated, it 1s possible to mtroduce the
gas without generating electric discharge due to the increase
of the pressure.

Further, according to the plasma processing apparatus 11
of the first exemplary embodiment, since the diameter of the
injection hole 13-2 1s made smaller than the predetermined
upper limit value, 1t 1s possible to suppress the increase of
the leakage of the microwaves from the processing space S
into the 1njection hole 13-2. As a result, according to the first
exemplary embodiment, since the electric field intensity of
the 1injection hole 13-2 or 1n the vicinity of the injection hole
13-2 may be reduced, 1t i1s possible to prevent electric
discharge from being generated 1n the injection hole 13-2 or
in the vicinity of the injection hole 13-2.

Second Exemplary Embodiment

FIG. 10 1s an enlarged cross-sectional view of the gas
supply unit, the sidewall of the processing container, and a
cylindrical dielectric 1n a second exemplary embodiment.
FIG. 11 1s a front view of the gas supply unit, the sidewall
of the processing container, and the cylindrical dielectric
illustrated in FIG. 10 when viewed from one end side of the
cylindrical dielectric. In the meantime, since constitutional
clements 1n FIGS. 10 and 11, which are assigned the same
reference numerals as those 1n FIG. 5, have the same or
substantially the same function as those 1 FIG. § except for
the features to be described below, descriptions thereof will
be omitted.

As 1illustrated 1 FIG. 10 and FIG. 11, the plasma pro-
cessing apparatus according to the second exemplary
embodiment further includes a cylindrical dielectric 61
embedded 1n the sidewall 22 of the processing container 12
to surround a periphery of the mjection hole 13-2 1n a state
where one end 6l1a thereol 1s exposed to the processing
space S. The cylindrical dielectric 61 guides the microwaves
radiated 1nto the processing space S by the antenna 20 from
one end 61a to the other end 615 embedded 1n the sidewall
22. The microwaves guided to the other end 615 by the
cylindrical dielectric 61 are reflected on the other end 615
and the reflected microwaves and the microwaves belore
reflection are cancelled with each other. By doing this, the
increase of the leakage of the microwaves from the process-
ing space S mto the mjection hole 13-2 1s suppressed such
that the electric field intensity in the mjection hole 13-2 or
in the vicinity of the injection hole 13-2 1s reduced.

When a wavelength of the microwaves propagating at an
inside of the cylindrical dielectric 61 1s A, a length from one
end 61a to the other end 615 1n the cylindrical dielectric 61
may be A/5 or more and 3A/5 or less. As described above, the
length from one end 6la to the other end 615 1n the
cylindrical dielectric 61 1s set to be A/5 or more and 3A/5 or
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less such that a phase of the microwaves retlected on the
other end 615 1s mverted and thus, 1t becomes possible to
ciiciently cancel the microwaves which are not yet
advanced 1nto the dielectric.

FIG. 12 1s a graph 1llustrating an example of simulation
results of an electric field intensity of the injection hole
depending on whether the cylindrical dielectric 1s present or
not 1n the second exemplary embodiment. In the graph
illustrated 1n FIG. 12, the horizontal axis indicates an
clectron density in the processing space S and the vertical
axis indicates a ratio of the electric field intensity of the
injection hole 13-2 for the case where the cylindrical dielec-
tric 61 1s embedded to the electric field intensity of the
injection hole 13-2 for a case where the cylindrical dielectric
61 1s not present.

As 1s apparent from the simulation results of FIG. 12, 1n
a case where the cylindrical dielectric 61 1s embedded, the
clectric field intensity of the injection hole 13-2 was
improved by approximately 70% as compared with a case
where the cylindrical dielectric 61 1s not present.

In the foregoing, according to the plasma processing
apparatus of the second exemplary embodiment, since the
cylindrical dielectric 61 1s embedded 1n the sidewall 22 of
the processing container 12 to surround the periphery of the
injection hole 13-2, it 1s possible to suppress the increase of
the leakage of the microwaves from the processing space S
into the injection hole 13-2. As a result, according to the
second exemplary embodiment, since the electric field inten-
sity 1n the injection hole 13-2 or in the vicinity of the
injection hole 13-2 may be reduced, it 1s possible to 1ntro-
duce the gas without generating electric discharge due to the
increase of the pressure and also more ethiciently prevent
clectric discharge from being generated in the 1njection hole
13-2 or 1n the vicimty of the mnjection hole 13-2.

Third Exemplary Embodiment

FIG. 13 1s an enlarged cross-sectional view of the gas
supply unit, the sidewall of the processing container, and a
plate-shaped dielectric in a third exemplary embodiment. In
the meantime, since constitutional elements assigned the
same reference numerals as those of FIG. 5 1n FIG. 13 have
the same or substantially the same function as those 1n FIG.
5 except for the descriptions which will be made 1n the
tollowing, descriptions thereof will be omatted.

As 1llustrated 1n FIG. 13, the plasma processing apparatus
according to the third exemplary embodiment further
includes a plate-shaped dielectric 71 embedded in an area
interposed between the 1injection hole 13-2 and the dielectric
member 16 1n the sidewall 22 of the processing container 12
in a state where one end 71a thereof 1s exposed to the
processing space S. More specifically, the plate-shaped
dielectric 71 1s annularly embedded 1n a recess formed along
the circumierential direction of the sidewall 22 1n the area
interposed between the injection hole 13-2 and the dielectric
member 16 1n the sidewall 22 of the processing container 12,
in a state where the one end 71a 1s exposed to the processing
space S. The plate-shaped dielectric 71 guides the micro-
waves radiated into the processing space S by the antenna 20
from one end 71a to the other end 7156 embedded in the
sidewall 22. The microwaves guided to the other end 7156 by
the plate-shaped dielectric 71 are reflected on the other end
715, and the reflected microwaves and the microwaves
betore being retlected are cancelled with each other. By this,
the increase of the leakage of the microwaves from the
processing space S into the mjection hole 13-2 1s suppressed
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such that the electric field intensity in the injection hole 13-2
or 1n the vicinity of the mjection hole 13-2 1s reduced.

Assuming that the wavelength of the microwaves propa-
gated 1n the plate-shaped dielectric 71 1s A, the length from
one end 7la to the other end 716 1n the plate-shaped
dielectric 71 may be A/5 or more and 3A/5 or less. As
described above, when the length from one end 71a to the
other end 715 1n the plate-shaped dielectric 71 1s set to be A/5
or more and 3A/5 or less, a phase of the microwaves retlected
on the other end 715 1s 1inverted and thus 1t becomes possible
to efliciently cancel the microwaves before being reflected.

In the foregoing, according to the plasma processing
apparatus of the third exemplary embodiment, since the
plate-shaped dielectric 71 1s embedded 1n the area interposed
between the injection hole 13-2 and the dielectric member
16 1n the sidewall 22 of the processing container 12, it 1s
possible to suppress the increase of the leakage of the
microwaves Irom the processing space S into the injection
hole 13-2. As a result, according to the third exemplary
embodiment, since the electric field intensity in the 1njection
hole 13-2 or 1n the vicinity of the injection hole 13-2 may be
reduced, 1t 1s possible to introduce the gas without generat-
ing electric discharge due to the increase of the pressure and
also more efhiciently prevent electric discharge from being
generated 1n the 1njection hole 13-2 or 1n the vicinity of the
injection hole 13-2.

Fourth Exemplary Embodiment

FIG. 14 1s an enlarged cross-sectional view of the gas
supply unit, the sidewall of the processing container, and a
plate-shaped conductor 1n a fourth exemplary embodiment.
In the meantime, since the constitutional elements 1n FIG.
14, which are assigned the same reference numerals as those
of FIG. 5, have the same or substantially the same function
as those 1 FIG. 5 except for the features described below,
descriptions thereol will be omuitted.

As 1llustrated i FIG. 14, the plasma processing apparatus
according to the fourth exemplary embodiment further
includes a plate-shaped conductor 81 provided to protrude
from an area interposed between the 1njection hole 13-2 and
the dielectric member 16 of the sidewall 22 of the processing
container 12 toward the processing space S. More specifi-
cally, the plate-shaped conductor 81 1s provided to annularly
protrude from an area interposed between the mjection hole
13-2 and the dielectric member 16 of the sidewall 22 of the
processing container 12 toward the processing space S. The
plate-shaped conductor 81 shields the microwaves radiated
into the processing space S by the antenna 20. By doing this,
the increase of the leakage of the microwaves from the
processing space S into the mjection hole 13-2 1s suppressed
such that the electric field intensity in the 1injection hole 13-2
or 1n the vicinity of the mjection hole 13-2 1s reduced.

FIG. 15 1llustrates graphs representing examples of simu-
lation results of an electric field intensity of the injection
hole depending on whether the plate-shaped dielectric 1n the
third exemplary embodiment or the plate-shaped conductor
in the fourth exemplary embodiment 1s present or not. In
FIG. 15, the graph “STD” represents the electric field
intensity of the ijection hole 13-2 for a case where both of
the plate-shaped dielectric 71 and the plate-shaped conduc-
tor 81 are not present. Further, the graph “Choke 27 repre-
sents the electric field intensity of the injection hole 13-2 for
a case where the plate-shaped dielectric 71 1s embedded.
Further, the graph “Metal Bar” represents the electric field
intensity of the injection hole 13-2 in the case where the
plate-shaped conductor 81 1s provided to protrude. Further,
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in the respective graphs illustrated 1n FIG. 15, the horizontal
axis mdicates an electron density in the processing space S
and the vertical axis indicates the electric field intensity.
Further, 1n the simulation of FIG. 15, 3 KW of input
microwave power 1s used as simulation condition.

As 1s apparent from the simulation results of FIG. 15, 1n
a case where the plate-shaped dielectric 71 1s embedded, the
clectric field intensity of the injection hole 13-2 1s reduced
as compared with the case where both of the plate-shaped
dielectric 71 and the plate-shaped conductor 81 are not
present.

Further, as 1s apparent from the simulation results of FIG.
15, mn a case where the plate-shaped conductor 81 1s pro-
vided to protrude, the electric field intensity of the injection
hole 13-2 1s reduced as compared with the case the plate-
shaped dielectric 71 1s embedded. That 1s, 1t has been found
out that the plate-shaped conductor 81 1s provided to pro-
trude such that the electric field intensity of the injection
hole 13-2 may be most efliciently reduced.

In the foregoing, according to the plasma processing
apparatus of the fourth exemplary embodiment, since the
plate-shaped conductor 81 1s provided to protrude from an
area interposed between the injection hole 13-2 and the
dielectric member 16 of the sidewall 22 of the processing
container 12, 1t 1s possible to suppress the increase of the
leakage of the microwaves from the processing space S into
the 1injection hole 13-2. As a result, according to the fourth
exemplary embodiment, since the electric field intensity of
the 1njection hole 13-2 or 1n the vicinity of the injection hole
13-2 may be reduced, 1t 1s possible to introduce the gas
without generating electric discharge due to the increase of
pressure and more ethiciently prevent electric discharge from
being generated in the mjection hole 13-2 or 1n the vicinity
of the mjection hole 13-2.

In the meantime, 1n the first to fourth exemplary embodi-
ments, an example in which the diameter D2 of the injection
hole 13-2 1s constant 1s described, but the present disclosure
1s not limited thereto. For example, the diameter D2 of the
injection hole 13-2 may be increased as going away from the
transport hole 13-1. By doing this, since 1t 1s possible to
casily 1nject gas from the injection hole 13-2 and reduce the
pressure of the gas to a range other than the range of pressure
at which electric discharge 1s easily generated, the gas may
be stably introduced without generating the electric dis-
charge due to the increase of pressure.

Further, 1n the second exemplary embodiment, the cylin-
drical dielectric 61 1s embedded 1n the sidewall 22 of the
processing container 12 to surround the periphery of the
injection hole 13-2 communicated to the transport hole 13-1,
but the present disclosure 1s not limited thereto. For
example, a structure 1n which only an injection hole of a
single-stage 1s formed in the sidewall 22 of the processing
container 12 may also be adopted, instead of a two-stage
structure including the transport hole 13-1 and the 1njection
hole 13-2. In the structure, the cylindrical dielectric 61 may
be embedded in the sidewall 22 of the processing container
12 to surround a periphery of the injection hole of the
single-stage. By doing this, even when the structure in which
only the mjection hole of the single-stage 1s formed 1n the
sidewall 22 of the processing container 12 1s adopted, 1t 1s
possible to introduce gas without generating electric dis-
charge due to the increase of the pressure.

Further, 1n the third exemplary embodiment, the plate-
shaped dielectric 71 1s embedded in the area interposed
between the injection hole 13-2 communicated to the trans-
port hole 13-1 and the dielectric member 16 in the sidewall
22 of the processing container 12, but the present disclosure
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1s not limited thereto. For example, a structure in which only
an 1njection hole of a single-stage 1s formed in the sidewall
22 of the processing container 12 may also be adopted,
instead of a two-stage structure including the transport hole
13-1 and the injection hole 13-2. In the structure, the
plate-shaped dielectric 71 may be embedded in the area
interposed between the injection hole of the single-stage and
the dielectric member 16. By doing this, even when the
structure 1n which only the 1njection hole of the single-stage
1s formed in the sidewall 22 of the processing container 12
1s adopted, it 1s possible to introduce gas without generating
clectric discharge due to the increase of the pressure.

Further, in the fourth exemplary embodiment, the plate-
shaped conductor 81 1s provided to protrude from the area
interposed between the ijection hole 13-2 and the dielectric
member 16 of the sidewall 22 of the processing container 12
toward the processing space S, but the present disclosure 1s
not limited thereto. For example, a structure in which only
an 1njection hole of a single-stage 1s formed 1n the sidewall
22 of the processing container 12 may also be adopted,
instead of a two-stage structure including the transport hole
13-1 and the injection hole 13-2. In the structure, the
plate-shaped conductor 81 may be provided to protrude from
an area interposed between the injection hole of the single-
stage and the dielectric member 16 toward the processing
space S. By doing this, even when the structure 1n which
only the injection hole of the single-stage 1s formed in the
sidewall 22 of the processing container 12 1s adopted, 1t 1s
possible to introduce gas without generating electric dis-
charge due to the increase of the pressure.

Further, in the second to fourth exemplary embodiments,
the plasma processing apparatuses include the cylindrical
dielectric 61, the plate-shaped dielectric 71, and the plate-
shaped conductor 81, respectively, but the present disclosure
1s not limited thereto. For example, the plasma processing
apparatus may include at least one of the cylindrical dielec-
tric 61, the plate-shaped dielectric 71, and the plate-shaped
conductor 81.

From the foregoing, 1t will be appreciated that various
exemplary embodiments of the present disclosure have been
described herein for purposes of illustration, and that various
modifications may be made without departing from the
scope and spirit of the present disclosure. Accordingly, the
various exemplary embodiments disclosed herein are not
intended to be limiting, with the true scope and spirit being
indicated by the following claims.

What 1s claimed 1s:

1. A plasma processing apparatus comprising:

a processing container that defines a processing space;

a gas supply umt provided on a sidewall of the processing,
container, the gas supply unit being configured to
supply a gas to the processing space;

a dielectric member having a facing surface that faces the
processing space, and

an antenna provided on a surface opposite to the facing
surface of the dielectric member, the antenna being
configured to radiate microwaves that turn the gas into
plasma to the processing space through the dielectric
member,

wherein the gas supply umit includes:

a transport hole configured to transport the gas to a
position where the gas does not reach the processing
space 1n the inside of the sidewall of the processing
container, and

an 1njection hole 1 commumication with the transport
hole and configured to 1nject the gas transported to the
position into the processing space, the injection hole
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having a diameter larger than that of the transport hole
to introduce the gas without generating electric dis-
charge 1n the 1njection hole or 1n the vicinity of the hole,

wherein the injection hole has an internal wall having a

substantially constant diameter throughout the 1njection
hole, and wherein the mjection hole reaches the pro-
cessing space, wherein the transport hole and the injec-
tion hole are embedded 1n the sidewall of the process-
ing container, and wherein the transport hole includes
a tapered section at an upstream side thereol with
respect to a gas tlow direction, and wherein the trans-
port hole further includes a fixed diameter section
extending from the tapered section toward the 1njection
hole.

2. The plasma processing apparatus of claam 1, wherein
the diameter of the injection hole 1s smaller than a prede-
termined upper limit value, and the predetermined upper
limit value 1s determined using the following Equation (1),

a<Pnm/(2nflue)l2) (1)

wherein “a” 1s a radius of the njection hole (the prede-
termined upper limit value/2), “Pnm” 1s a Bessel func-
tion, “I” 1s a frequency of microwaves, “U” 1s a per-
meability, and “e” 1s a dielectric constant.

3. The plasma processing apparatus of claim 1, further
comprising a cylindrical dielectric embedded in the sidewall
of the processing container to surround a periphery of the
injection hole 1n a state where one end of the cylindrical
dielectric 1s exposed to the processing space, the cylindrical
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dielectric being configured to guide the microwaves radiated
into the processing space by the antenna from one end to the
other end of the cylindrical dielectric.

4. The plasma processing apparatus of claam 3, wherein,
assuming that a wavelength of the microwaves propagated
in the 1nside of the cylindrical dielectric 1s A, a length from
one end to the other end in the cylindrical dielectric 1s A/5
or more and 3A/5 or less.

5. The plasma processing apparatus of claim 1, further
comprising a plate-shaped dielectric embedded 1n an area
interposed between the injection hole and the dielectric
member of the sidewall of the processing container in a state
where one end of the plate-shaped dielectric 1s exposed to
the processing space, and the plate-shaped dielectric being
configured to guide the microwaves radiated into the pro-
cessing space by the antenna from one end to the other end
ol the plate-shaped dielectric.

6. The plasma processing apparatus of claim 5, wherein,
assuming that a wavelength of the microwaves propagated
in the 1nside of the plate-shaped dielectric 1s A, a length from
one end to the other end 1n the plate-shaped dielectric 1s A/5
or more and 3A/5 or less.

7. The plasma processing apparatus of claim 1, further
comprising a plate-shaped conductor provided to protrude
from an area interposed between the injection hole and the
dielectric member toward the processing space, the plate-
shaped conductor being configured to shield the microwaves
radiated into the processing space by the antenna.
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